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Ovine pulmonary carcinoma, a contagious lung cancer of sheep, is caused by the oncogenic jaagsiekte sheep retrovirus
(JSRV) that is closely related to a family of endogenous sheep retroviral sequences (ESRVs). By using exogenous virus-
specific U3 oligonucleotide primers, the entire JSRV proviral genome or its 39 part was amplified from tumor DNA. Analysis
of these proviral sequences revealed a novel open reading frame (ORF) within the pol coding region, designated ORF X, which
was well conserved in ESRV and JSRV sequences. Deduced amino acids of ORF X showed similarity to a portion of the
mammalian adenosine receptor subtype 3, a member of the G-protein-coupled receptor family. Comparison of deduced env
amino acids of six JSRV strains from three continents identified 15 residues that defined two distinct genotypes of JSRVs.
Sequence analysis identified two highly variable regions between JSRV and ESRV in the transmembrane domain of env (TM)
and the 39 unique sequence (U3) of the long terminal repeat, from which JSRV-specific DNA probes were derived. By using
these DNA probes in Southern hybridization, for the first time we successfully identified JSRV proviral sequences in tumor
genomic DNA in the presence of multiple ESRV loci, validating the use of exogenous virus-specific DNA probes in the
analysis of oncogenic proviral integration sites and identification of integrated exogenous proviral sequences. © 1999 Academic
Press
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aINTRODUCTION
Retroviruses are important tools for study of oncogen-
sis in animal models, especially in avian and mamma-
ian organisms. Ovine pulmonary carcinoma (OPC), a
etrovirus-induced epithelial neoplasm (also called
heep pulmonary adenomatosis and jaagsiekte), may
erve as an invaluable model for dissection of the onco-
enic mechanism of certain forms of human lung cancer
Hecht et al., 1996b; Perk and Hod, 1982). OPC shares
athological characteristics with human bronchioloal-
eolar cell carcinoma, an epithelial tumor which is not
ignificantly associated with smoking and represents
bout a quarter of human lung cancer cases (Barsky et
l., 1994; Wu et al., 1988).
OPC is caused by an as yet uncultured, oncogenic
etrovirus, jaagsiekte sheep retrovirus (JSRV), which has
ype D retrovirus-like group antigen but a Type B-like
nvelope protein (York et al., 1992). The sheep genome
arries multiple copies of JSRV-like endogenous sheep
etroviruses (ESRV) (Hecht et al., 1994, 1996a; York et al.,
992) that create difficulties in the investigation of the
echanism of JSRV oncogenesis. However, our recent
tudies demonstrate that JSRV can be distinguished from
SRV in the same cells by its unique LTR U3 sequences
nd that JSRV, but not ESRV, is consistently associated
1 To whom correspondence and reprint requests should be ad-
iressed. Fax: (970) 491-5410. E-mail: jcdemar@cvmbs.colostate.edu.
333ith OPC lung tumors (Bai et al., 1996; Palmarini et al.,
996a). By using exogenous virus-specific U3 primers in
olymerase chain reaction (PCR), the 59 part of JSRV
roviral genome was cloned from OPC lung tumors of
heep from three continents (Bai et al., 1996).
In the current communication, we report the isolation
f JSRV proviral fragments that include the entire length
f the viral genome from OPC lung tumors. Sequence
nalysis of the 39 part of pol and the entire env and the
9 LTR regions of several OPC strains from three different
ontinents supports the notion of two genotypes of JSRV.
ype I viruses include strains from Africa, while Type II
ncludes strains from the United Kingdom and the United
tates. At the molecular level, the two virus types show
losely related but distinct nucleotide sequences in the
3 of the LTR and differences in the deduced amino acid
equences in env. The research also demonstrates the
onservation of a novel open reading frame of unknown
unction, previously designated ORF X (York et al., 1992),
n the 39 portion of the pol gene of JSRV and ESRV
equences. The deduced amino acid sequence of ORF X
s similar to the middle region of a mammalian, multiple
ass, G-protein-coupled receptor (Linden et al., 1993), a
olecular switch component of signal transduction path-
ays that control cell growth and differentiation (Bourne,
997; Hall, 1994). Southern hybridization of genomic tu-
or DNA with novel DNA probes derived from JSRV U3
nd env TM domains for the first time identified the
ntegrated JSRV provirus in the presence of multiple
0042-6822/99 $30.00
Copyright © 1999 by Academic Press
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334 BAI ET AL.SRV loci in JS7, an OPC lung tumor cell line (Jassim,
988).
RESULTS
mplification of the JSRV proviral genome
In a previous study, we amplified 2-kb JSRV proviral
equences (spanning the 59 LTR and the second ScaI
ite in gag) from eight lung tumor DNAs by using JSRV-
pecific U3 primers (Bai et al., 1996). Here, the remaining
kb of proviral genome (spanning the sequence from the
irst ScaI site in gag and 39 LTR) was amplified using the
B3/JB21 primer pair from three tumor DNAs (83RS28,
4RS28, and JS7) (Fig. 1c, lanes 2–4). The 2- and 6-kb
roviral sequences overlapped each other in the 296-bp
egion between two ScaI sites (Fig. 1a). Sequences of
he 39 ends of the PCR products were identical to previ-
usly published sequences of JSRVs (Bai et al., 1996).
Figure 1b shows the amplification of a 2.2-kb JSRV
ragment, covering the entire env and 39 LTR by using the
rimer pair JB20/JB21, from three lung tumors from the
nited States (83RS28, 84RS28, 86RS44; lanes 2, 4, and
FIG. 1. Amplification of JSRV proviral sequences from lung tumor
NA. (a) The relative locations of oligonucleotide primers in the JSRV
roviral genome (York et al., 1992). (b) PCR was conducted by using
rimers JB20 and JB21 (lanes 1–5) or JB20 and JB11 (lane 6) at anneal-
ng temperatures of 65° and 55°C, respectively. PCR products were
nalyzed on an agarose gel stained with ethidium bromide. Tumor
NAs were 86RS44 (lane 2), JS7 (lane 3), 84RS28 (lane 4), 83RS28 (lane
), and 92K3 (lane 6), while nontumor DNA was 973 (lane 1). (c) PCR
as conducted at an annealing temperature of 63°C by using primers
B3 and JB21. Lane 1, PCR products from a reaction with nontumor DNA
emplate. Lanes 2–4, PCR products from reactions with tumor DNA:
3RS28 (lane 2), 84RS28 (lane 3), and JS7 (lane 4). The sources of
enomic DNA were reported elsewhere (Bai et al., 1996).) and one cell line derived from a lung tumor from the pnited Kingdom (JS7; lane 3). The corresponding DNA
egment was also synthesized by using the primer pair
B20/JB11 from a Kenyan sheep lung tumor (92K3; lane
). JB21 and JB11 are JSRV genotype specific (Bai et al.,
996). JB21 amplifies viral sequences of the Type II cat-
gory from the United States and the United Kingdom,
hereas JB11 amplifies viral sequences of the Type I
ategory from South Africa and Kenya (Bai et al., 1996;
lso refer to Figs. 3–5). Neither primer cross-hybridizes
n PCR and Southern hybridization (Bai et al., 1996). The
ype II JSRV env/LTR fragments were also amplified from
hree additional lung tumors from the United Kingdom
970 and 809T) and the United States (91RS13) (data not
hown). No corresponding DNA bands were amplified
rom DNA of healthy sheep DNA (Figs. 1b and 1c, lane 1).
he analysis of composite nucleotide sequences derived
rom the 2.2-kb JSRV PCR products from sheep 83RS28,
4RS28, JS7, 809T, and 92K3 is reported below.
he 39 part of pol of JSRVs and ESRVs encodes a
econdary ORF
A previous study showed that the JSRV from South
frica contains a secondary small open reading frame,
esigned ORF X, in the 39 part of the pol gene (York et al.,
992). In order to determine whether the ORF X is con-
erved among other JSRV strains and ESRV, we amplified
nd determined the nucleotide sequences encoded by
he 39 part of pol of ESRV and JSRV proviruses. Primer
air JB37/JB21, representing the Type II genotype, was
sed to synthesize 2.8-kb DNA fragments from the above
-kb PCR products of JS7 and 83RS28 (data not shown).
he published JSRV sequence from South Africa (York et
l., 1992) represents the Type I genotype. The corre-
ponding X region (750 bp, nt 4820–5570) in ESRV was
ynthesized from genomic DNAs of two healthy sheep
Y16 and 85RS54) from the United States by using primer
air JB37/JB40 (data not shown). The translation of nu-
leotide sequences for this region from two ESRVs (Y16
nd 85RS54) and two JSRVs (JS7 and 83RS28) revealed
wo open reading frames (ORF). The first one corre-
ponded to the major reading frame of the JSRV inte-
rase (York et al., 1992). The deduced amino acids for the
ntegrase domain were very conserved between endog-
nous (85RS54 and Y16) and exogenous (83RS28, JS7,
nd JSRV) proviruses, with the exception of an AAA
eletion, coding for a lysine (corresponding to nt 5384–
386 of JSRV) in JS7. This deletion, located at the carboxyl
erminus of the integrase domain (data not shown), re-
ulted in pol being one amino acid shorter.
The second ORF in the pol region stated above was
dentical to the ORF X of unknown function previously
escribed for the JSRV from South Africa (York et al.,
992). The ORF X overlapped the integrase domain in the
ame translation orientation and was consistently
resent in three exogenous (83RS28, JS7, and JSRV) as
w
(
w
m
O
n
u
n
e
s
r
a
S
O
s
p
p
o
s
t
A
Y
a
a
i
a
X
a
(
s
h
a
( n for c
335GENOTYPES OF JAAGSIEKTE SHEEP RETROVIRUSESell as two endogenous counterparts (85RS54 and Y16)
Fig. 2A). The ORF X encoded 166 amino acids (Fig. 2B)
ith highly hydrophobic characteristics that suggest a
embrane-bound protein. The deduced amino acids of
RF X were considerably conserved between endoge-
ous and exogenous proviruses. However, JSRVs had 2
nique amino acids (amino acids 18 and 88) that were
ot evident in their ESRV counterparts (Fig. 2B). Endog-
nous 85RS54 and Y16 were different from the JSRV
train of South Africa (York et al., 1992) in only four
FIG. 2. Comparison of sequences of the ORF X regions of JSRVs and
frica were described previously (M80216). The remaining sequences w
16 represent ESRV sequences from two healthy sheep from the Unite
nd the United Kingdom. Dots indicate identical sequences. Dashes ind
cceptor site for ORF X are underlined. Asterisks indicate putative star
n the JSRV strain of South Africa (York et al., 1992). Downward arrows
re shown in boldface; the putative intron boundary is indicated by a v
between endogenous and exogenous viruses. Sequences similar to
bove the amino acids highlight four putative membrane spanning do
casein kinase II) and PKC (protein kinase C). (C) The hydropathy pro
equence for ORF X from the 83RS28 strain was used as a representive
omologous sequences in ORF X of the ESRV and JSRV strains. Aster
cids with similar biochemical properties. Potential phosphorylation mo
P33765), and sheep (P35342) A3R amino acid sequences were choseesidues, but were different from JS7 and 83RS28 in 13 tmino acids (Fig. 2B), indicating that the JSRV strain from
outh Africa was more closely related to ESRV in the
RF X, consistent with the results from env and LTR
equences described below.
Nucleotide sequences upstream of the ORF X dis-
layed the characteristics of a 39 splice site (Fig. 2A): a
utative branch site and a pyrimidine tract downstream
f the branch site followed by two potential cleavage
ites (CAG?C). These cis-acting elements are the essen-
ial signals for the recognition by the splicing machinery
. Amino acids and nucleotide sequences of the JSRV strain from South
termined from amplified PCR products in the current study. 85RS54 and
s. 83RS28 and JS7 represent JSRV sequences from the United States
eletions or gaps. (A) A putative branch site, pyrimidine tract, and splice
or translation. Numbers indicate the location of nucleotide sequences
possible splice sites. Invariant nucleotides in consensus sequences
bar and arrowhead. (B) Alignment of deduced amino acids from ORF
alian adenosine receptor subtype 3 (A3R) are underlined. The lines
(I–IV). Open boxes indicate potential phosphorylation motifs for CKII
he X protein predicted by the Kyte Doolittle method. The amino acid
the hydropathy profiles for other sequences look very similar. (D) A3R
the bottom line indicate conserved amino acids; dots indicate amino
PKC are highlighted by open boxes. Dog (U54792), rat (92637), human
omparison.ESRVs
ere de
d State
icate d
t sites f
indicate
ertical
mamm
mains
file of t
since
isks at
tifs foro initiate the 39 splicing process (Mount, 1982; Smith et
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336 BAI ET AL.l., 1993). The branch site sequence of JSRV consisted of
13-nucleotide inverted repeat that was well matched
ith the branch site consensus sequence (YNYURAY)
Parker et al., 1987; Smith et al., 1993; Wassarman and
teitz, 1992; Wu and Manley, 1989; Zhuang and Weiner,
989). The pyrimidine tract was located 130 nucleotides
ownstream of the branch point (Fig. 2A). Two putative
CAG?C) cleavage sites (a and b) for the 39 splicing
rocess existed downstream of the pyrimidine tract at an
nterval of 12 nucleotides. Based upon the local se-
uence features and the proposed mechanism of scan-
ing in the selection of the cleavage site by the splicing
achinery (Smith et al., 1993), site (a) rather than (b)
eemed to be in a more favorable sequence context as
he former was well matched with the consensus splice
cceptor sequence [(Y)nNCAG?(G/C)] (Mount, 1982).
Two putative start sites (TTGATGC, CCCATGA), which
ay serve as the initiator for the translation, were found
t the 59 end of the ORF X in all sequences tested (Fig.
A). However, the sequence context surrounding both
utative start sites displayed unfavorable nucleotides at
ositions 23 and 14 in the Kozak consensus motif,
/GCCATGG (Kozak, 1987). That placed the putative X
RNA into a category of transcripts that code for onco-
enic growth factors, transcriptional factors, and regula-
ory proteins (Anderson et al., 1990; Baglia et al., 1997;
uang et al., 1990; Kimura et al., 1990; Plowman et al.,
990) which are predicted to be translated poorly (Kozak,
989 & 1991).
he deduced amino acids of ORF X share similarity
ith mammalian adenosine receptors
The deduced amino acids of the ORF X from endoge-
ous and exogenous viruses showed similarity to the
ammalian adenosine receptor subtype 3 (A3R) (Fig.
D), a G-protein-coupled receptor that regulates diverse
iological events, including cell growth and differentia-
ion (Bourne, 1997; Hall, 1994; Leevers et al., 1994). Com-
ared with the rat (Meyerhof et al., 1991; Zhou et al., 1992)
nd sheep (Linden et al., 1993) A3R, the viral X protein
as most closely related to the dog (Auchamoach, 1996;
npublished results) and human A3R sequences (Salva-
ore et al., 1993), presenting an average of 28% identity
nd 50% similarity to the A3R in a stretch of approximate
0 amino acids (Figs. 2B and 2D). The viral A3R similar
egion (amino acids 54–144), making up 60% of the pu-
ative X amino acids, corresponded to the middle region
f the mammalian A3R (amino acids 118–204 of dog A3R)
Fig. 2D). Two potential phosphorylation sites for protein
inase C (PKC) (Kishimoto et al., 1985; Woodgett et al.,
986) and one for casein kinase II (CKII) (Keunzel et al.,
987) were found in all sequences (Fig. 2B). In particular,
he PKC site at position 59 was conserved in the mam-
alian A3R (Fig. 2D). In contrast to the A3R, the viral X
rotein had four rather than seven putative transmem- wrane domains and had no glycosylation sites. These
haracteristics suggest that the viral X peptide may be a
ovel hydrophobic protein of unknown function.
he env sequences of JSRV strains fall into two
istinct genotype groups
The env gene of retroviruses encodes the host range
eterminant that defines the receptor binding specificity,
llowing the classification of retroviruses into different
ubgroups (Weiss, 1993). For JSRVs, however, the viral
eceptor tropism and the polymorphism of env gene have
ot yet been characterized. That is because the virus has
ot been successfully cultured in vitro and infectious
lones have not been established. Neutralizing antibod-
es against different virus strains are not available. In
rder to explore the receptor tropism of JSRVs, we de-
ermined the complete nucleotide sequences of the env
ene of five JSRV strains isolated from the United King-
om (809T and JS7), Kenya (92K3), and the United States
84RS28 and 83RS28) and compared them with that of
he JSRV from South Africa (York et al., 1992). Sequence
nalysis showed that the env sequences of the six JSRV
trains from the three continents were well conserved
Fig. 3) and shared nine potential N-glycosylation sites
boxed areas). However, the 84RS28 strain had a novel
arboxyl terminal sequence due to two separated nucle-
tide deletions (corresponding to nt. 7452 and 7473 of the
SRV, Fig. 5). The hydrophobicity profiles for Env amino
cids of the six virus strains were also very similar (data
ot shown).
Despite the sequence conservation in the env gene,
e were able to identify 15 residue variations (highlight-
d by asterisks in Fig. 3) that segregated into two geno-
ype groups, consistent with the data from the phyloge-
etic analysis (Fig. 4). Surprisingly, 13 of the 15 variable
mino acids were found in the TM, but not in the SU
omain. One variable residue (position 401) was found in
he N-terminal hydrophobic region of the TM domain, 9
esidues were clustered in the membrane spanning re-
ion, and 3 residues in the cytoplasmic tail (Fig. 3). Only
residues of the 15 (positions 180 and 277) were located
n hydrophilic regions of the SU domain. At these posi-
ions, viruses from Africa (92K3 and JSRV) had threonines
nstead serines, compared with the viruses from the
nited States and the United Kingdom (83RS28, 84RS28,
09T, and JS7). Such sequence conservation in env is
arely seen in other retroviruses, in particular HIV (Wong-
taal, 1990).
Phylogenetic analysis of env and LTR sequences seg-
egated JSRVs into two distinct genotype groups (Fig. 4).
ype I included viruses from South Africa (JSRV) and
enya (92K3) and Type II included strains from the United
tates (83RS28 and 84RS28) and the United Kingdom
JS7 and 809T). As shown in Fig. 3, the two Type I strains
ere nearly identical in the env protein sequences, with
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337GENOTYPES OF JAAGSIEKTE SHEEP RETROVIRUSEShe exception of amino acid 476, at which the JSRV had
lysine (K), while 92K3 had an arginine (R). For Type II
iruses, the env sequence of 83RS28 (except for the
equences at its carboxyl terminus) was identical to that
FIG. 3. Alignment of deduced amino acid sequences of env from si
equences for the remaining strains were determined from amplified PC
nd JS7 and 809T from the United Kingdom. Dots refer to identical seq
, II, and III) are indicated by lines above the sequences. Asterisks high
re indicated by open boxes.
FIG. 4. Phylogenetic analysis of nucleotide sequences from endog
reviously (Bai et al., 1996; York et al., 1992). The remainder were dete
lustal V method of the MEGALIGN program DNASTAR 1.59 to create a
enerated. Horizontal branch lengths represent evolutionary distances
epresent evolutionary distance units created from the weighted residu
f the JSRV (York et al., 1992) from 39 SU domain to R of 39 LTR.f JS7. 809T differed from 83RS28 and JS7 in three amino
cids (positions 333, 356, and 563), while 84RS28 dif-
ered from 83RS28, JS7, and 809T in six amino acids
positions 5, 52, 235, 255, 261, and 280), of which amino
strains. The JSRV sequence was published previously (M80216). The
cts. 92K3 was from Kenya, 84RS28 and 83RS28 from the United States,
. Hydrophobic regions are underlined. Strong hydrophilic domains (hr
notype-specific amino acid variations. Predicted N-glycosylation sites
and exogenous viruses. ESRV and JSRV sequences were published
from amplified PCR products. Sequences were aligned by using the
ed residue weight table from which the phylogenetic trees were further
en different viral sequences or sequence clusters. The number lines
ht table. Sequences used in the analysis correspond to nt 6619–7734x JSRV
R produ
uences
light geenous
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338 BAI ET AL.cids 235, 255, 261, and 280 were located in the middle
f the SU domain.
he identification of JSRV-specific DNA sequences for
se as probe
A previous study indicates that the sheep genome
arries multiple copies of ESRV loci that hybridize to a
SRV gag gene probe under high-stringency conditions
Hecht et al., 1994). Molecular characterization of endog-
nous loci reveals that nucleotide sequences of ESRVs
re very similar to those of JSRVs in structural genes but
ivergent in U3 (Bai et al., 1996). JSRV U3-specific oligo-
ucleotide primers successfully distinguish JSRVs from
SRV loci in PCR (Bai et al., 1996). DNA probes based on
SRV U3 oligonucleotide primers hybridize to JSRV, but
FIG. 5. The identification of unique JSRV-specific nucleotide sequen
outh Africa (M80216) and ESRV were published previously (Bai et al.,
ots indicate identical nucleotides. Dashes indicate gaps introduced in
ndicate the locations of oligonucleotide primers to generate the JSR
enerate the JSRV U3 DNA probe. The stop codon of the env gene for 84
5, 59 unique sequence; R, repeat sequence.ot to ESRV PCR products in Southern hybridization (Bai bt al., 1996). However, the oligonucleotide probes are too
mall to efficiently detect a single copy of integrated
SRV provirus in tumor DNA. To address this problem, we
solated JSRV proviral sequences from various tumor
NAs (Fig. 1). The comparison of the nucleotide se-
uences with an endogenous counterpart previously de-
cribed (Bai et al., 1996) allowed the identification of
ufficiently large regions for use as DNA probes. Figure
shows that exogenous sequences were well con-
erved among Type I and Type II viruses but were strik-
ngly divergent from ESRV in the TM domain of env and
3 of the LTR. The nucleotide sequences of ESRV had
6% (Type II) to 88% (Type I) identity to JSRV strains in the
40-bp region between nt 6621 to 7261 (including 135 bp
rom the 39 end of the SU domain and the adjacent 505
nv and LTR. The sequences of the JSRV strain (nt 7221 to 7768) from
ork et al., 1992). The remainder were determined from PCR products.
nments. Uppercase letters highlight variable residues. JB26 and JB27R
M DNA probe. JB24 and JB25R indicate the locations of primers to
indicated by an asterisk, ppt, polypurine tract; U3, 39 unique sequence;ces in e
1996; Y
the alig
V env T
RS28 isp from the 59 part of the TM domain) (data not shown),
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339GENOTYPES OF JAAGSIEKTE SHEEP RETROVIRUSESut had only an average of 74% (Type I) to 76% (Type II)
dentity to JSRV strains in the downstream 507-bp seg-
ent, including the remaining region of the TM subunit
nd 39 LTR (nt 7261 to 7768) (Fig. 5). The average se-
uence identity between Type I and Type II JSRV strains
as about 90% in the corresponding regions.
A particularly noteworthy observation was that the
SRV sequence had only 52% identity to JSRV sequences
ith a 12-bp deletion in a 134-bp region between nt 7262
nd 7396 at the 39 end of TM. The deduced amino acids
rom this region of ESRV were only about 30% identical to
hose of JSRVs (data not shown). The U3 of JSRVs was 47
p shorter than that of ESRV. The 39 166 bp (nt 7547 to
713) of the JSRV U3 had only 55% identity to that of
SRV. We hypothesized that at these levels of sequence
dentity, exogenous proviral sequences would be well
istinguished from the endogenous counterparts by
outhern hybridization in the presence of 50% formamide
Dunwiddie and Faras, 1985). On the basis of this anal-
sis, oligonucleotide primers were designed (Fig. 5) for
se in PCR to generate JSRV-specific DNA fragments
rom JSRV DNA clones or PCR products (data not shown).
rimer pairs JB26/JB27R and JB24/JB25R (Fig. 5) were
mployed, respectively, to synthesize exogenous env
M- and U3-specific DNA probes. The detection of JSRV
roviral sequences in tumor cells was demonstrated by
outhern hybridization (as reported below).
single integrated exogenous provirus is found in
he JS7 lung tumor cell line
To test the ability of JSRV-specific TM and U3 DNA
robes to detect integrated exogenous proviral se-
uences in the heavy background of multiple copies of
SRV in OPC lung tumors, genomic DNA from an OPC
umor cell line (JS7) was digested with EcoRI, HindIII, and
acI, respectively. The DNA digests were analyzed by
outhern hybridization with the exogenous virus TM and
3 DNA probes described above. Upon probing with
SRV LTR DNA, multiple bands of endogenous proviral
equences were detected (Fig. 6b, panel ESRV/LTR,
anes E, H, and S). On this blot, it is impossible to
istinguish JSRV-specific bands from those of ESRVs.
owever, when hybridized with the JSRV-specific TM and
3 probes, the same filter showed only two bands with
coRI and HindIII and three bands with SacI (Fig. 6b,
anel U3, TM, and U3/TM), indicating a single integrated
SRV provirus. This is the first experimental evidence that
SRV-specific TM and U3 DNA probes can readily distin-
uish exogenous JSRV proviral sequences from ESRV
roviruses in tumor genomic DNA using Southern hy-
ridization.
EcoRI digests yielded 5.5- and 10.5-kb hybridizing frag-
ents (Fig. 6b, panel U3, lane E). The 5.5-kb fragment
ybridized only to the U3, but not to the TM probe (Fig. 6b,
anel TM, lane E). Restriction digestion of the cloned full- Hength JS7 proviral genome (unpublished results), as well
s PCR products (data not shown), identified a unique
coRI site, located 3.4 kb from the 59 end and 4.3 kb from
9 end of the proviral genome (Fig. 6a). Therefore, the 5.5-kb
ragment must contain some 2.1-kb flanking cellular se-
uence and 3.4-kb 59 JS7 proviral genome. The 10.5-kb
and hybridized to both TM and U3 probes (Fig. 6b, panel
3, TM, and U3/TM, lane E). It must contain a 4.3-kb 39 JS7
roviral sequence and a 6.2-kb cellular sequence.
HindIII digests produced 6- and 8.5-kb hybridizing
ands (Fig. 6b, panel U3, TM, and U3/TM, lane H). The
-kb band hybridized only to the U3 probe, while the
.5-kb band hybridized to both U3 and TM probes, indi-
ating that the former contained the upstream flanking
equence and the 59 LTR. Sequence analysis of the JS7
roviral sequence in the current research showed no
FIG. 6. Identification of a single integrated JSRV provirus in the JS7
ung tumor cell line. (a) The JS7 proviral genome and locations of
SRV-specific DNA probes (U3 and TM). The restriction sites for EcoRI
E), HindIII (H), and SacI (S) were confirmed by restriction digestion of
S7 PCR products and cloned proviral genome (unpublished results) as
ell as sequence analysis. (b) Southern hybridization of the JS7
enomic DNA digests. The basic protocols were described under
aterials and Methods. The genomic DNA was completely digested
ith EcoRI, HindIII, and SacI. The digests were run on 0.8% agarose
els in three parallel sets, 10-mg DNA digests per lane. Following
lectrophoresis, the gel was blotted to a nylon filter that was further cut
nto three pieces and separately hybridized with JSRV env TM, TM/U3,
nd U3 probes. For endogenous sequence detection, the U3 probe
ybridized filter was stripped and reprobed with ESRV LTR.indIII site in the env and 39 LTR. Hence, the 8.5-kb band
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340 BAI ET AL.ontained at least the entire env and LTR, as well as the
ownstream cellular sequence.
The SacI digests showed three hybridizing bands (Fig.
b, panel U3, TM, and U3/TM, lane S): the 1.6- and 0.4-kb
ands hybridized to the U3 probe, while the 7.1-kb band
ybridized to the TM probe. Sequence analysis (Fig. 5)
dentified a unique SacI site (corresponding to nt 7066 of
SRV, York et al., 1992) in the U3 of the 39 LTR of 6 JSRV
trains tested (the nucleotide sequence for 809T strain was
ot shown). This SacI site is expected to be duplicated in
he U3 of the 59 LTR during the retroviral replication (Hu and
emin, 1990) and is located 35 bp from the 59 flanking
unction. Because the U3 probe is located downstream of
he SacI site in U3 (Fig. 6a), the 59 35-bp U3-containing
lanking junction would not hybridize to the U3 probe.
Restriction digestion of the cloned 2.2-kb 59 JS7 provi-
al genome (Bai et al., 1996) revealed a SacI site in the
eader region of gag (corresponding to nt 419 of JSRV,
ork et al., 1992) (data not shown). The distance between
he SacI site (nt 35) in the U3 of 59 LTR and the one (nt
19) in the leader of gag of JS7 is 383 bp, which was very
lose to the 0.4-kb hybridizing fragment. Therefore, the
.4-kb band represents an internal segment released
rom the 59 proviral genome of JS7. As described above,
he JS7 proviral genome contains a SacI site (nt 419) in
he leader of gag, as well as in the U3 of 39 LTR (corre-
ponding to nt 7485 of JSRV) (York et al., 1992). The
istance between the two sites is 7066 bp, very close to
he size of the 7.1-kb TM-hybridizing fragment, indicating
hat the 7.1-kb fragment represents an internal segment
ontaining the entire gag/pol and env regions of JS7.
ince the 0.4-kb fragment represents the 59 LTR, and the
.1 fragment represents the gag/pol and env region, the
.6-kb U3 probe hybridizing band can only represent the
9 LTR and downstream flanking junction.
DISCUSSION
OPC is a contagious form of lung cancer (DeMartini et
l., 1987, 1988, 1997; Martin et al., 1976; Sharp, 1987; Ver-
oerd et al., 1980, 1985), caused by a group of highly
nfectious, oncogenic sheep retroviruses which are closely
elated to a family of actively expressed, nononcogenic
ndogenous retrovirus-like sequences (Bai et al., 1996;
echt et al., 1996a; Palmarini et al., 1996a,b; York et al.,
992). The current and previous studies provide unequivo-
al evidence that JSRV, but not ESRV, is specifically asso-
iated with OPC (Bai et al., 1996; Palmarini et al., 1996a).
equence comparison between six JSRV strains and en-
ogenous counterparts showed that oncogenic JSRV can
e readily distinguished from endogenous proviruses by
ivergent env TM and LTR U3 sequences (Fig. 5). Upon
outhern analysis of genomic DNA digests from a lung
umor cell line (JS7) (Jassim, 1988), the JSRV env TM and U3
NA probes identified a single integrated exogenous pro-irus in the heavy background of ESRVs. Our recent unpub- sished results from the analysis of positive genomic DNA
lones screened from a JS7 genomic DNA library by using
he JSRV TM and U3 probes (unpublished results) indicate
hat the JSRV TM and U3 hybridizing bands in the genomic
NA Southern blot (Fig. 6b) are of exogenous virus origin
ecause the sequences of env TM and U3 of these positive
lones are identical to the corresponding JS7 sequences
eported here. We believe that the JSRV TM and U3 DNA
robes developed in the current study can be used as
pecific tools to analyze oncogenic proviral integration and
issect the molecular mechanism of oncogenicity of JSRVs.
JSRV has not yet been successfully cultured in vitro.
he production of infectious virus particles from the JS7
umor cell line ceased during successive passages (Jas-
im, 1988). Because of the lack of an efficient tissue
ulture system, the viral gene expression and regulation,
s well as receptor tropism, have not been character-
zed. In order to explore the virus receptor tropism and its
ole in the pathogenesis of OPC, we determined the
omplete env and LTR sequences of five JSRV strains
rom three continents and compared them with that of
SRV from South Africa (York et al., 1992) as well as their
ndogenous counterparts (Bai et al., 1996). Phylogenetic
nalysis indicates that JSRV strains form two closely
elated but distinct genotype lineages (Type I and Types
I). The current study suggested that the two types of
iruses derive from different geographic locations. Type
viruses occur in Africa, whereas Type II exist in both the
nited States and the United Kingdom. The distribution
f the two types of JSRV in the rest of the world remains
o be determined. Compared with Type II viruses, Type I
howed a higher degree of sequence homology to ESRV
n pol, env, and LTR, suggesting that an endogenous
rovirus may be the ancestor of Type I viruses from
hich Type II might have evolved further.
The env gene of a retrovirus encodes the hydrophilic
urface protein (SU) and the hydrophobic transmembrane
omain (TM) that determine the specific interactions be-
ween virus particles and cell surface receptors during
etroviral entry (Hunter, 1997). The SU of retroviruses (Bova
t al., 1988; Hunter, 1997) is a highly variable genetic ele-
ent, containing receptor binding sites (Weiss, 1993) and
ajor antigenic determinants that stimulate neutralizing
ntibodies against the incoming infectious virions. Particu-
arly for HIV, the SU contains five variable regions that affect
ell tropism and pathogenesis (Cho et al., 1998; Wong-
taal, 1990). Even in the same patient, HIV-1 strains with
istinctive env sequences and receptor binding specificity
ave even been isolated from different parts of the brain
Koyanagi et al., 1987).
In contrast, the env sequences of JSRVs were surpris-
ngly conserved (Fig. 3). The entire set of Env proteins
ontained only 15 mutations at fixed locations that segre-
ate into two groups corresponding to Type I and Type II
enotypes. Thirteen of the fifteen mutations were exclu-
ively located at the C-terminal membrane spanning seg-
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341GENOTYPES OF JAAGSIEKTE SHEEP RETROVIRUSESent and cytoplasmic tail of the TM domain that are in-
olved in membrane fusion but not receptor binding. Only
wo mutations were found in the middle region of the SU
hat generally involves receptor binding and/or neutraliza-
ion. The reciprocal substitution of threonine in Type I vi-
uses and serine in Type II viruses at positions 180 and 277
ay not affect virus–receptor interaction and cell tropism as
he molecular structure and biochemical properties of thre-
nine are very similar to those of serine. Among the six
SRV strains, 84RS28 is apparently a variant, having an
lanine, alanine, phenyalanine, and arginine at positions
35, 255, 261, and 280 in the middle region of the SU,
hereas the remaining five strains have proline, proline,
hreonine, and glycine in these positions. In particular, the
rginine to glycine substitution occurs in the third hydro-
hilic region (hr III) and coexists with the threonine to serine
ubstitution at position 277. We speculate that these com-
ined substitutions in the SU of 84RS28 may alter the
olecular conformation of the peptide as well as its anti-
enicity. For isolate 809T, the substitution of proline and
hreonine with the alanine at positions 333 and 356 may not
emarkably influence the antigenic properties of the SU
omain as the two mutations are closely located to the
-terminus of the SU and the alanine has similar hydropho-
ic properties to proline and threonine.
The conservation of Env protein sequences of six JSRV
trains from three continents suggests that JSRVs have a
estricted host range and a limited choice of receptor
sage. In other words, this group of sheep retroviruses
ay use the same receptor for viral entry. The sequence
onservation in env also may imply that the envelope
roteins have strong sequence–function constraints that
ould not tolerate significant structural alterations for
heir biological functions. JSRVs naturally infect sheep
nd cause pulmonary carcinomas of the type II epithelial
lveolar cells (DeMartini and York, 1997). In naturally
ccurring OPC, JSRV proviral sequences are found only
n tumor tissues (Palmarini et al., 1996a). In experimental
PC, intratracheal inoculation is the most efficient way to
nduce the disease. Infected lungs are the major site of
iral replication (Palmarini et al., 1996b), suggesting that
he type II epithelial alveolar cells are the primary targets
or virus infection and they may be the major, if not the
nly, cells expressing functional receptors.
The ORF X within pol is of considerable interest. The
onsistent presence of ORF X in three JSRV isolates, as well
s in two endogenous proviruses, indicates that X is evo-
utionarily conserved and it may play a role in viral replica-
ion and/or in pathogenesis. The existence of conserved
is-acting elements for the 39 splicing processing (Mount,
982; Smith et al., 1993) and the start sites for translation in
ll sequences analyzed suggests that the X protein may be
xpressed in virus-infected cells in vivo. The primary se-
uence of the X protein, as well as its hydrophobicity pro-
iles, suggests that the X protein may be a novel member of
he family of membrane-bound proteins that include G- Mrotein-coupled receptors. In future, it will be worthwhile to
haracterize the expression of ORF X and its biological
unctions in JSRV replication and pathogenesis.
In conclusion, we have isolated exogenous proviral se-
uences that represent the entire proviral genome of two
enotypes of JSRV. These sequences are potentially useful
ubstrates for assembling a full-length infectious proviral
enome for recovery of viral particles by DNA transfection
r they may be useful in the construction of recombinant
iruses for further investigation of viral replication, gene
xpression, and oncogenesis. The complete env and LTR
equences of five different strains from three continents
rovide valuable preliminary information for analyzing virus
eceptor tropism and antigenic determinants of JSRV. The
ovel JSRV TM and U3 DNA probes designed here are
aluable reagents for screening genomic DNA libraries for
ull-length JSRV proviral clones and dissecting the molecu-
ar mechanism of oncogenesis in OPC.
MATERIALS AND METHODS
enomic DNA
Genomic DNA from lung tumors and nontumor tissues
as prepared as described previously (Sambrook et al.,
989). The sources of DNA were reported elsewhere (Bai
t al., 1996).
ligonucleotide primers
Primers (59 to 39), used in PCR for amplifying exogenous
roviral sequences, were designed on the basis of pub-
ished JSRV nucleotide (nt) sequences (Fig. 1a) (Bai et al.,
996; York et al., 1992). JB3, ACAGGCATGGAAAAAACTTC-
TAGCTCCAGTAC (nt 1674–1706 of JSRV), is located at the
irst ScaI site in gag; JB21, ACCCACCGGATTCTTACACAAT-
ACCGGCATT, corresponds to nt 7629–7658 in the JSRV
train from South Africa, located in U3 in the reverse orien-
ation, and is specific for JSRV strains from the United
tates and the United Kingdom (Bai et al., 1996). PCR with
rimers JB3 and JB21 amplifies a 6-kb JSRV segment from
he first ScaI site in gag to the U3 of the downstream LTR
Fig. 1a). JB20 (nt 5458–5490), AACTTTAGACACAGAAG-
CAATTCAGCAGCCCA, is located upstream of env (York et
l., 1992). PCR with primers JB20 and JB21 amplifies 2.2 kb
f the 39 proviral genome, including the entire env and part
f the 39 LTR. JB11, ATTCATCTCAAACTACACC (nt 7659–
676), is located in U3 and is specific to the African virus
train (Bai et al., 1996). In order to synthesize the region
orresponding to the X gene of JSRV from ESRV loci, oligo-
ucleotide primers JB37 (nt 4820–4843, CAAGGCAATCA-
ACTGCGGACGTT) and JB40 (nt 5548–5570, CCAATCTGT-
GTATGGGCCAGA) were employed.
CR procedure
The Expand Long Template PCR System (Boehringer
annheim Corp., Indianapolis, IN) was used for the
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342 BAI ET AL.mplification of JSRV proviral sequences as described
reviously (Bai et al., 1996). Briefly, reactions contained
0 ml of 13 buffer, 350 mM each dNTP, 30 pmol of each
rimer, and 0.75 U enzyme mixture plus 200–500 ng
enomic DNA. Optimal cycle conditions for the amplifi-
ation of the 2.2-kb DNA fragments were carried out in a
NA Thermal Cycler (Perkin–Elmer Cetus) programmed
o 10 s at 92°C, 30 s at 55°C for JB11/JB20 or 65°C for
B20/JB21, and 3 min at 68°C for the first 10 cycles.
xtension was performed at 68°C for 5 min for the next
0 cycles, followed by a 7-min extension for the final 15
ycles. For the amplification of the 6-kb DNA fragments
ith JB3/JB21, annealing was carried out at 63°C for 30 s
lus a 9-min extension at 68°C for the first 10 cycles, a
2-min extension for the next 10 cycles, and a 15-min
xtension for the final 15 cycles.
outhern blot analysis of tumor DNA
Genomic DNA from the JS7 tumor cell line (Jassim, 1988)
as cleaved with restriction endonucleases EcoRI, HindIII,
nd SacI. Digests were separated on a 0.8% agarose gel
nd blotted to nylon membrane (MSI, Westborough, MA) as
escribed previously (Southern, 1975). The membrane was
ybridized overnight with [a-32P]dCTP-labeled JSRV-specific
3 or env TM DNA probes with a specific activity of 2 3 109
pm/mg DNA in the presence of 50% formamide (Dunwid-
ie and Faras, 1985). The DNA probes were generated by
CR with the primer pair JB24/JB25R and JB26/JB27R from
3- and env-containing JSRV DNA templates, respectively
Fig. 5). Following hybridization, the membrane was
ashed in 23 SSC at room temperature and in 13 SSC at
7°C followed by autoradiography (Fig. 6) at 280°C for 2
eeks.
equence determination
Conventional dideoxy-chain termination (Sanger et al.,
977) with a Sequenase II kit (United States Biochemical
o., Cleveland, OH) and cycle sequencing with the ABI
rism Dye Terminator Cycle Sequencing Ready Reaction
it (Perkin–Elmer) were employed to determine nucleo-
ide sequences of PCR products amplified from sheep
enomic DNA or DNA clones derived from PCR products
y using M13 universal and specific primers.
omputer analysis of sequence data
Sequence data were assembled by DNASTAR 1.59
DNASTAR, Inc.) on a Macintosh computer from which
omposite sequences were derived and submitted to
nalysis with programs of the GCG package (Sequence
nalysis Software Package 7.2; Genetic Computer
roup, Madison, WI) (Devereux et al., 1984), DNA Strider
.2 (Mark, 1988), and CLUSTAL V (Higgins and Sharp,
989). Database searches were performed with the
LAST program (Basic Local Alignment Search Tool)Altschul et al., 1997).ucleotide sequences accession numbers
The nucleotide and amino acid sequence data reported
n this paper appear in GenBank and EMBL nucleotide
equence databases under the following Accession num-
ers: Y18301 (JSRV-JS7), Y8302 (JSRV-809T), Y18303 (JSRV-
3RS28), Y18304 (JSRV-84RS28), Y18305 (JSRV-92K3),
18306 (ESRV-Y16), Y18307 (ESRV-85RS45 or EN54).
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